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INTRODUCTION
Titanium(IV) oxide, TiO 2 , commonly known as titania or titanium dioxide, is naturally occurring oxide of titanium, which exists in three forms: rutile, anatase and brookite. All these forms are usually linked to minerals such as quartz, tourmaline, barite, hematite, silicates, feldspar, chalcopyrite, and sphene (1) . Scientific studies have approved that anatase appears to be the most photoactive and stable for widespread applications, whereas rutile is photocatalytically less active, although it expresses photoactive selectivity in some cases (2) . TiO 2 powders have been used as a white pigment from ancient times. Also, it is widely used to provide whiteness in lacquers, plastic and paper. In addition, nanoparticles of titania are also used as an opacifier in textiles, leather, glass and porcelain enamels. Moreover, TiO 2 is a permitted dye in the food industry as E171, and it is commonly found in pharmaceuticals, cosmetics, and skin care products (3) .
Since the magnificent discovery of photocatalytic cleavage of water on TiO 2 electrodes in 1972 by Fujishima and Honda (4) , this research field has received greater awareness in the recent years. The breakthrough work of Matsunaga et al. in 1985 , reporting the application of TiO 2 photocatalysis for the destruction of Lactobacillus acidophilus, Saccharomyces cerevisiae and Escherichia coli using Pt-loaded TiO 2 , established for the first time antimicrobial properties of TiO 2 (5) . Since then, research efforts have been made in order to improve the efficiency of the TiO 2 photocatalysis by doping it with various metals (6,7) and nonmetals (8) .
There are many confirmed advantages of using photocatalytic methods. Firstly, all reactions are carried out under ambient temperature and pressure. Additionally, mineralization of organic compounds is completed in an environmentally friendly way without creating any secondary pollutants, as final reaction product. Also, TiO 2 catalyst is characterized by non-toxicity, high stability and low cost (9) . Because of the numerous benefits, TiO 2 as a photocatalyst has been extensively studied, and its applications in medicine, water treatment, food and pharmacy have been reported (10) .
Although there are plenty of TiO 2 coated products on the market with antimicrobial activity, there has been no standard method, except Japanese standard JIS Z2801:2000 (11) , with good experimental basis suggested for testing antimicrobial activity. For this reason, researchers use different experimental setups, light sources, and calculations of the antimicrobial activity.
The current review will focus on four important segments of studying and testing the antimicrobial activity of TiO 2 photocatalyst: (i) photokilling mechanisms, (ii) experimental setup, (iii) light sources and intensity, and (iv) calculation methods.
Photokilling mechanisms
The irradiation of TiO 2 with ultraviolet light, whose wavelength is less than 385 nm, leads to generation of an electron-hole pair on the TiO 2 surface. The electrons and holes react on the surface and convert water and oxygen into reactive oxygen species (ROS) such as hydroxyl radicals (
•-) and hydrogen peroxide (H 2 O 2 ) (12). The primary oxidizing agents are short-living hydroxyl radicals that can bind to the surface. Those hydroxyl radicals have significantly short life span (10 -9 ), which prevents them from diffusing to a long distance. Consequently, only microbial cells that adhere to the surface of the TiO 2 catalyst may react with the hydroxyl radical that usually causes the loss of membrane integrity (13) . In turn, superoxide ions are long-lived, although due to the negative charge, they cannot penetrate into the cell membrane. The penetration is possible by hydrogen peroxide (14) .
In 1988, three years after publishing the first results of killing microbial cells by contact with the TiO 2 -Pt catalyst upon illumination with near UV light, the same group of scientists successfully constructed a practical photochemical device in which TiO 2 powder was immobilized on an acetylcellulose membrane (15) . An E. coli cell suspension following through the device was completely killed; therefore, Matsunaga and coworkers (5, 15) proposed the first killing mechanism. They believed that direct photochemical oxidation of intracellular coenzyme A to its dimeric form was the reason of the decreases in the respiratory activities that led to cell death. In the next years, Saito et al. (16) proposed that TiO 2 photochemical reaction leads to the disruption of the cell membrane and cell wall of Streptococcus sobrinus, caused by leakage of intracellular K + ions. On the other hand, Sunada et al. (17) recommend that the primary cause of the cell death during the TiO 2 photochemical reaction may be the destruction of the E. coli endotoxin, an integral component of the outer membrane. If the TiO 2 particles are sufficiently small, they can penetrate into the microbial cell, where the photocatalytic process takes place.
Also, free TiO 2 particles can attack intracellular components directly if it is enhanced with UV irradiation. This may lead to physical and chemical damages of DNA and RNA, causing the conversion of the pyrimidine and purine bases to carbon dioxide, ammonia and nitrate ions (18, 19) . Although there are at least three hypotheses of the antimicrobial effect of TiO 2 photocatalytic reaction, that mechanism is still to be proved.
EXPERIMENTAL
Heterogeneous photocatalysis, an Advanced Oxidation Technology that uses light sources, commonly UV, and TiO 2 , has emerged in the last decade as an innovative method of disinfection. The antimicrobial activity of TiO 2 has been assayed in several bacteria and yeasts including Escherichia coli (5, (20) (21) (22) (23) (24) , Lactobacillus acidophilus (5), Bacillus subtilis, Pseudomonas putida, Staphylococcus aureus, Listeria innocua (references in (23)), Enterobacter cloacae (25) , Candida albicans (24) , and Saccharomyces cerevisiae (5) . On the other hand, only a few studies have explored the ability of TiO 2 photocatalysis to inactivate resistant microbial forms such as fungal spores, protozoan cysts and oocysts or bacterial spores. The main reasons for this are the thickness and structure complexity of their wall. However, Maneerat and Hayata (26) have reported the antifungal effect of TiO 2 against Penicillium expansum in fruit root and proposed the potential treatment for post-harvest disease control. Other researchers reported about the resistance of fungi spores including Fusarium sp. and Aspergillus niger (27, 28, 29) . Zhao and coworkers (30) reported photocatalytic inactivation of Bacillus cereus spores. Also, it has been confirmed that TiO 2 photocatalyst has antiviral activity, which is very important for the application of the photocatalysts in hospitals (20) . Although the antimicrobial properties of the TiO 2 photocatalyst have been established, it is difficult to compare results among authors due to different experimental setups. Different experimental setups are a consequence of the absence of a universal standard method with good practical settings.
Generally, in the available literature there are at least three methods for testing the antimicrobial efficiency of TiO 2 photocatalyst (17, 20, 24, 31) . The most used methods are thin-film method and adhesion-test method with film, while the inhibition-zone method has been recently used.
During studying the antimicrobial effect of the TiO 2 photocatalyst, Sunada et al. (17, 32) have mainly used the thin film method. TiO 2 thin films were prepared by conventional dip-coating technique on silica-coated soda-lime glass plate. The coated glass was placed on a Petri dish and 150 μl of the E. coli cell suspension was applicated onto it. The system was put in a chamber and irradiated upon Pyrex window. In order to maintain the humidity, 10 ml of water was poured below the Petri dish (Figure 1a ). This group of scientists has obtained the complete sterilization within one hour of the irradiation. In the absence of TiO 2, the UV irradiation caused only 50 % sterilization in 4 hours. The same experimental setting has been extensively used in the next years (20, 23) .
The same group of workers modified the previous system in order to improve it (17, 32) . Namely, they separated 2 ml of the E. coli cell suspension from the TiO 2 surface by a porous 50 µm thick PTFE membrane (Figure 1b) . Also, the complete system was irradiated from below. According to the obtained results, a similar antimicrobial efficiency was observed as in the system without the membrane. It is necessary to emphasize that the • OH reactive species are probably deactivated before traversing the 50 µm thickness, due to their short life (13) . Therefore, other active oxygen species (O 2
•-and H 2 O 2 ) are responsible for the sterilization in the membrane system (12) . The adhesion test with film is a newly developed method by Kim and coworkers (31). They placed the photocatalytic product (TiO 2 ) coated glass, paper and plastic on a Petri dish. Afterwards, 0.5 ml of the E. coli cell suspension was placed onto them. The adhesion film was placed on the suspension in order to facilitate the attachment of the microorganism to the TiO 2 surface. Everything was covered with the Petri dish lid in order to maintain the humidity at more than 90 %. In the work, three types of the adhesion film were used: polyethylene (PE), polypropylene (PP) and acrylic. The Black Light Blue (BLB) lamps were used for light irradiation and positioned above the Petri dish ( Figure  2 ). The antimicrobial efficacy of TiO 2 coated glass, paper and plastic was determined by adhesion film method after 3 hours of irradiation, and it was 99.5 %, 99.8 % and 60 %, respectively. Also, the PP film was determined to be optimal adhesion film for this method. The adhesion film method is relatively new, although its application has been reported (31, 33) .
Two groups of researchers (29, 34) employed the inhibition zone method in order to test the antimicrobial activity of the TiO 2 -coated products upon UV irradiation. The inhibition zone method, also called Kirby-Bauer Test, is usually used clinically to measure antibiotic resistance, as well as industrially in order to test the ability of solids and textiles to inhibit microbial growth. In this method, sterilized culture media is poured in Petri dishes and, after solidification of the media the suspension of test microorganism is spread on the plate using an L-rod. The TiO 2 coated products are placed into the Petri 
Light sources and intensity
In 1877, Downes and Blunt (35) discovered by chance that sunlight could kill bacteria. They noticed that sugar water placed on the window remained cloudy in the night, while in the sun the water became clear. By microscopy, they determined that the number of bacteria was significantly higher during the night than during the day. In 1892, Mar- shall Ward demonstrated that the bactericidal actions were from the ultraviolet part of the light spectrum. Since then, the application of UV light is widespread in many areas such as: medicine, laboratory sterilization, food and pharmacy industry, etc. (10, 36) . Photocatalysis, especially with TiO 2 , is a modern method for inactivating microbes on surfaces. In order to manifest its photocatalytic and antimicrobial effect, TiO 2 requires light as an excitation source. If the photocatalysis is used indoor, it is necessary to take all the protective steps. According to The American Conference of Govermental Industrial Hygiensts (ACGIH) for safety indoor application, UVA (ultraviolet radiation at 320-400 nm) exposure must be less than 10 W/m 2 for periods lasting more than 1000 s (30) . Because of the ACGIH requirements, the light irradiance effect on photocatalysis is very important. Rincon and Pulgarin reported about an effect of UVA and UVA/TiO 2 inactivation (37). Namely, the study showed linear trends for the UVA inactivation alone and nonlinear trends for combined inactivation with UVA and photocatalyst. Based on the obtained results, they first suggested the presence of an optimum between the light intensity and duration of irradiation (37) . Another explanation was proposed by Zhao et al. (30), who considered the generation of ROS by the photocatalyst upon UV irradiation. When UVA irradiation is low, the generation rate of ROS by UVA is low as well. The increase in the UVA irradiance increases the energy input and the rate of ROS generation. On the other hand, the radical generation by photocatalysis requires very low energy input, and is therefore predominant at low UVA irradiation. When the UVA irradiation is high, the effectiveness of the photocatalysis is usually reduced (30) . Therefore, Kim et al. (31) determined the optimal light intensity and irradiation time for testing the antimicrobial activity of TiO 2 photocatalysis to be 1.0 mW/cm 2 and 3 hours, respectively. Rajsgopal et al. (37) also reported that the light intensity affects not only the photoinactivation rate, but also the behavior of bacteria after stopping irradiation. Namely, after the irradiation of TiO 2 coated samples, the number of bacteria keeps decreasing in the dark. Nevertheless, the recovery of bacteria is observed on the samples without TiO 2 . Also, inactivation of the bacterial cells on the samples without catalyst addition was more affected by the increase in the intensity as compared to the photocatalytic system (37) .
However, one of the biggest problems in this area is the presence of non-comparable results of antimicrobial effect among authors. Different authors use different microorganisms, photocatalysts, light sources, irradiation intensities and time, as well as distances between the samples and light sources during testing. A choice of experimental conditions of some researchers is presented in Table 1 .
Testing the antimicrobial activity of TiO 2 photocatalysts is performed using at least five different light sources (Table 1) . Additionally, the irradiation intensity is in the range from 0.1 to 30 W/m 2 , while the irradiation time varies from 0 to 1440 minutes. Also, big oversight of the experiments is the distance between the tested samples and the light source, which is reported only in a few papers (Table 1) . Moreover, the number of light sources is different from paper to paper, and it varies from one to sixteen (23) (24) (25) (30) (31) . In the future, all these parameters have to be optimized and even standardized in order to allow the work to be repeated by others. 
Calculation methods
Generally, both qualitative and quantitative assessments of the antimicrobial efficacy of the TiO2-based photocatalysts have been performed. A qualitative estimation of the antimicrobial efficacy of the TiO 2 -based photocatalyts is obtained by comparison of the Petri dishes inoculated with the irradiated and non-irradiated suspension of the test microorganism taken from the coated surface of the photocatalyst (37) . Also, Chung et al. (41) suggested comparison of the inoculated Petri dishes after testing samples with and without TiO 2 .
The same group of researchers employed JIS Z2801:2000 as a standard to test the antimicrobial efficacy (40, 41) . According to the Japanese standard, the results of a quantitative evaluation of the antimicrobial efficacy should be calculated as follows (11) :
where: N A -the number of viable bacteria after inoculation, C A -the number of bacteria colonies, D A -the fold of dilution, V A -the volume (ml) of the dilute buffer, R -antimicrobial activity, N B -the number of viable bacteria of the uncoated sample after irradiation, N C -the number of viable bacteria of the coated sample after irradiation. This kind of qualitative evaluation of the antimicrobial activity is performed by many researchers with or without small modifications (24, 39, 41 ). An obvious oversight of the proposed calculation is not taking into account the number of viable bacteria after inocu- (2)). This parameter is very important to get an objective picture of the bacterial number reduction in all steps of the experiment. Pal et al. (42) proposed the bacterial inactivation efficiency followed first order kinetics with respect to bacterial colony count (N t ), which is shown by Eq. (3): ln(N t /N 0 )= -kt [3] where: N t -the number of CFUs (Colony-forming units) after irradiation for t min, N 0 -the number of CFUs at 0 min, k -the inactivation rate constant, N t /N 0 -the survival ratio.
The survival ratio was calculated by normalizing the resultant CFUs on any plate to that on the plate without exposure to light. On the other hand, Kim et al. (31) suggested that the inactivation percentage is a sufficient indicator of the antimicrobial activity of TiO 2 -based photocatalyst and the inactivation ratio should be calculated as:
where: I r -inactivation ratio, M a -the initial concentration of microorganism, M b -the concentration of the microorganism on the TiO 2 coated sample.
The results of the antimicrobial activity of TiO 2 -based products in the inhibition zone method are accessible as millimeters of the zone around the test sample without the microbial growth (the inhibition zone) (34) . An improvement in measuring the inhibition zone is recently published by Vučetić et al. (29) . The group of researchers imported the images of the Petri dishes after the incubation period into the software Matlab R2012a, where the images were converted to binary images. The percentage of the surface coverage is calculated by a specifically designed program code, which determines the ratio of the black and white pixels. The black pixels correspond to the surface covered with microbial growth (29) . This kind of calculation of the antimicrobial efficacy of the TiO 2 -based products is significantly simplier and easier. Moreover, subjective error is remarkably reduced by using the designed program code.
CONCLUSIONS
This study reviews the killing mechanisms, experimental setups for testing the antimicrobial efficiency of TiO 2 coated, light sources and intensity, as well as the pertaining calculation methods. On analyzing the investigations that have been done worldwide, it clearly comes out that great effort should be put in the optimization and improvement of all segments of the available antimicrobial testing methods of TiO 2 photocatalysts. In the future, a new testing method with good settings basis that can be used in many research fields should be developed. In that way, the problem of the comparison of the obtained results among researches could be solved. Током последњих година развијају се бројни комерцијални производи на бази фотокаталитичког TiO 2 чије се антимикробне активности интензивно испитују у циљу њиховог потенцијалног и безбедног коришћења у свакодневном животу, медицини, лабораторијама, индустрији хране и лекова, третману отпадних вода као и у развоју материјала, површина и боја са функцијом самочишћења и антимик-робним својствима. У овом раду направљен је преглед публикација које су објав-љене широм света о механизму умирања ћелија микроорганизама, методама за ис-питивање антимикробне активности, изворима и интензитету зрачења, као и мето-дама изражавања резултата које се најчешће користе приликом испитивања анти-микробног деловања продуката на бази TiO 2 . Осим тога, указане су предности и мане тренутно коришћених метода за испитивање антимикробне активности про-дуката на бази TiO 2 .
